Transient receptor potential melastatin 7 (TRPM7) channels were originally identified electrophysiologically when depletion of cytosolic Mg 2ϩ resulted in the gradual development of an outwardly rectifying cation current. Conversely, inclusion of millimolar Mg 2ϩ in internal solutions prevented activation of these channels in whole cell patch clamp. We recently demonstrated that the Jurkat T-cell whole cell TRPM7 channels are inhibited by internal Mg 2ϩ in a biphasic manner, displaying high [IC 50(1) Ϸ 10 M] and low [IC50(2) Ϸ 165 M] affinity inhibitor sites. In that study, we had characterized the dependence of the maximum cell current density on intracellular Mg 2ϩ concentration. To characterize Mg 2ϩ inhibition in Jurkat T cells in more detail and compare it to whole cell results, we recorded single TRPM7 channels in cell-free membrane patches and investigated the dependence of their activity on Mg 2ϩ added on the cytoplasmic side. We systematically varied free Mg 2ϩ from 265 nM to 407 M and evaluated the extent of channel inhibition in inside-out patch for 58 patches. We found that the TRPM7 channel shows two conductance levels of 39.0 pS (␥ 1) and 18.6 pS (␥2) and that both are reversibly inhibited by internal Mg 2ϩ . The 39.0-pS conductance is the dominant state of the channel, observed most frequently in this recording configuration. The dose-response relation in inside-out patches shows a steeper Mg 2ϩ dependence than in whole cell, yielding IC50(1) of 25.1 M and IC50(2) of 91.2 M.. Single-channel analysis shows that the primary effect of Mg 2ϩ in multichannel patches is a reversible reduction of the number of conducting channels (No). Additionally, at high Mg 2ϩ concentrations, we observed a saturating 20% reduction in unitary conductance (␥1). Thus Mg 2ϩ inhibition in whole cell can be explained by a drop in individual participating channels and a modest reduction in conductance. We also found that TRPM7 channels in some patches were not sensitive to this ion at submaximal Mg 2ϩ concentrations. Interestingly, Mg 2ϩ inhibition showed the property of use dependence: with repeated applications, Mg 2ϩ effect became gradually more potent, which suggests that Mg 2ϩ sensitivity of the channel is a dynamic characteristic that depends on other membrane factors.
Transient receptor potential melastatin 7 (TRPM7) channels were originally identified electrophysiologically when depletion of cytosolic Mg 2ϩ resulted in the gradual development of an outwardly rectifying cation current. Conversely, inclusion of millimolar Mg 2ϩ in internal solutions prevented activation of these channels in whole cell patch clamp. We recently demonstrated that the Jurkat T-cell whole cell TRPM7 channels are inhibited by internal Mg 2ϩ in a biphasic manner, displaying high [IC 50 (1) Ϸ 10 M] and low [IC50(2) Ϸ 165 M] affinity inhibitor sites. In that study, we had characterized the dependence of the maximum cell current density on intracellular Mg 2ϩ concentration. To characterize Mg 2ϩ inhibition in Jurkat T cells in more detail and compare it to whole cell results, we recorded single TRPM7 channels in cell-free membrane patches and investigated the dependence of their activity on Mg 2ϩ added on the cytoplasmic side. We systematically varied free Mg 2ϩ from 265 nM to 407 M and evaluated the extent of channel inhibition in inside-out patch for 58 patches. We found that the TRPM7 channel shows two conductance levels of 39.0 pS (␥ 1) and 18.6 pS (␥2) and that both are reversibly inhibited by internal Mg 2ϩ . The 39.0-pS conductance is the dominant state of the channel, observed most frequently in this recording configuration. The dose-response relation in inside-out patches shows a steeper Mg 2ϩ dependence than in whole cell, yielding IC50(1) of 25.1 M and IC50(2) of 91.2 M.. Single-channel analysis shows that the primary effect of Mg 2ϩ in multichannel patches is a reversible reduction of the number of conducting channels (No) . Additionally, at high Mg 2ϩ concentrations, we observed a saturating 20% reduction in unitary conductance (␥1). Thus Mg 2ϩ inhibition in whole cell can be explained by a drop in individual participating channels and a modest reduction in conductance. We also found that TRPM7 channels in some patches were not sensitive to this ion at submaximal Mg 2ϩ concentrations. Interestingly, Mg 2ϩ inhibition showed the property of use dependence: with repeated applications, Mg 2ϩ effect became gradually more potent, which suggests that Mg 2ϩ sensitivity of the channel is a dynamic characteristic that depends on other membrane factors.
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TRANSIENT RECEPTOR POTENTIAL MELASTATIN 7 (TRPM7) proteins belong to the small group of human ion channels fused to functional cytoplasmic enzymes, which also includes TRPM6 and TRPM2. In the case of TRPM6 and TRPM7, which possess close primary sequence similarity, the enzyme portion is an atypical serine/threonine kinase (2, 36, 45, 50, 59) , whereas in TRPM2, the enzyme entity is a ADP ribose pyrophosphatase (16, 40) . The channel portion of these proteins belongs to the TRP superfamily of cation-conducting channels (43) .
Jurkat T lymphocytes have been widely used in studies of human T-lymphocyte signal transduction events that underlie T-cell receptor-dependent activation and proliferation. Thus several key steps in T-lymphocyte signaling were initially identified in Jurkat T cells: the requirement for calcium influx for efficient activation, discoveries of nuclear factor of activated T-cell transcription factor, its calcineurin dependence, and regulation of gene expression by calcium oscillations (8, 12, 13, 28, 56) . The ion channel expression profile in Jurkat T cells is also similar to that of normal human peripheral blood lymphocytes and includes Orai1-3/STIM1-2 store-operated Ca 2ϩ channels, K v 1.3 voltage-gated potassium channels, volume-activated chloride channels, and voltage-activated proton channels; however, some differences have also been documented (5, 49) . Like normal human T lymphocytes, Jurkat T cells lack voltage-gated Ca 2ϩ channels. Among TRP family channels, expression of functional TRPM2 and TRPM4 has been reported (25, 48) . In some instances, Jurkat T cells express higher levels of normal T-cell channels, as is the case with TRPM7 and calcium-relase activated calcium channels, making their study easier technically (21, 31, 39, 61; Kozak JA, unpublished observations). It is thought that calcium-and voltage-activated K ϩ channels and calcium-release activated calcium channels are necessary for T-cell activation by mitogens and antigens by virtue of their hyperpolarizing action on the plasma membrane and augmented Ca 2ϩ entry (28) . Jurkat T cells undergo many of the same early steps of activation as human peripheral blood T lymphocytes and are employed in the studies of immunological synapse structure and formation dynamics in vitro (9, 18, 60) . In their capacity as a human leukemic line (52) , Jurkat T cells are often used for testing anticancer small molecule compounds and biologics (e.g., Refs. 10, 22) .
In the present study, we focused on the properties of the most highly expressed TRP channel in human T cells, TRPM7 (5, 21, 42 (21) have suggested that inhibition occurs by a charge screening mechanism, since cations with poor screening ability are also ineffective in inhibiting TRPM7 channels. This view of Mg 2ϩ and polyamine inhibitory action has since been adopted by other investigators studying other ion channels (e.g., Refs. 1, 41).
Removal of extracellular divalent cations results in a drastic change of TRPM7 current-voltage relation: from steeply outwardly rectifying it becomes semilinear (7, 19, 20, 42) . Addition of micromolar concentrations of Mg 2ϩ or other cations to a divalent-free buffer demonstrates that TRPM7 channels are also extremely sensitive to extracellular polyvalent cations. However, unlike the case for intracellular cations, this interaction represents ion conduction pore block and does not involve surface charge screening (19 -21, 23) . Moreover, the extracellular cation blocking sites are not accessible from the cytoplasmic side, and therefore, inhibition by internal Mg 2ϩ or a polyamine molecule does not cause modifications of currentvoltage relation (21) . Conversely, at millimolar concentrations, extracellular Mg 2ϩ does not elicit slow voltage-independent current inhibition (19, 21) . In the case of L-type calcium channels, for example, the Mg 2ϩ blocking site can be reached both from inside and outside (23) . In summary, the processes of internal and external blockade of TRPM7 channels by Mg 2ϩ at first approximation do not interact.
We (21) 
MATERIALS AND METHODS

Cell Culture
Human Jurkat T lymphocytes (kindly provided by Dr. Tom L. Brown) were grown in a humidified atmosphere of 95% air-5% CO2 (Napco 8000 CO2 incubator; Thermo) in RPMI-1640 medium supplemented with L-glutamine (Lonza, Wakersville, MD) and 10% FBS (BioWest, Nuaille, France). Antibiotics were not used. Cells were passaged twice a week by diluting cell suspensions 10-to 20-fold in a fresh medium. Tests of mycoplasma presence were not conducted.
Patch-Clamp Electrophysiology
Patch-clamp recordings were conducted in the inside-out (cell-free) patch mode (57) using EPC10 patch clamp amplifier (HEKA Elektronik, Lambrecht, Germany). Pipettes were manufactured from borosilicate capillary glass (Warner Instruments, Hamden, CT) on a robotic puller (Zeitz Instruments, Martinsried, Germany). Glass capillaries had an outer diameter of 1.2 mm and an inner diameter of 0.93 mm. Patch electrode resistances were 1.5-3.5 M⍀.
In normal Ca 2ϩ -and Mg 2ϩ -containing bathing buffers, TRPM7 maintains its outwardly rectifying current-voltage relation with small inward component as a consequence of tonic blockade by these cations. In the absence of external divalent cations, TRPM7 (magnesium-inhibited cation) channel unitary conductance in the inward direction jumps to ϳ40 pS (19, 20) . The TRPM7 channel is steeply outwardly rectifying in the presence of external millimolar Ca 2ϩ and Mg 2ϩ and unitary channel activity cannot be resolved at hyperpolarized potentials due to its small amplitude. For these reasons, we performed all experiments using divalent cation-free pipette (extracellular) solutions and at negative membrane potentials. This gave us the ability to detect single-channel activity in cell-free patches from Jurkat T cells. Most recordings were performed at Ϫ90 mV, a voltage at which the patch remains stable for long periods of time, but some recordings were done at Ϫ100 and Ϫ120 mV with similar results. Data traces were analyzed with WinEDR (v. 3.2.6) available from the Strathclyde Electrophysiology Software suite (11) and Origin v.8 software (OriginLab, Northampton, MA). Current recordings were low-pass filtered at 2.9 kHz and digitized at a sampling rate of 6 kHz. For depiction of raw traces, the data were filtered offline to 0.1-0.4 Hz. In presented raw current recordings, gaps (not shown to scale) represent stops in acquisition due to the perfusion system that lasted ϳ4 s. The pipette (external) solution contained 10 mM HEDTA, 106 mM Cs aspartate, and 10 mM HEPES, pH 7.3. Cs ϩ , rather than Na ϩ was used as the main cation because TRPM7 channel conducts this ion slightly better than Na ϩ measured in the absence of divalent metal ions based on reversal potential comparison (20) . Additionally, the use of Cs ϩ is expected to reduce contamination from K ϩ channels endogenous to Jurkat T lymphocytes. Osmolalities of the bath and pipette recording solutions were measured with a freezing point depression osmometer (Precision Systems, Natick, MA) and adjusted to 290 -300 mosmol/kgH 2O with D-mannitol. Gigaohm seals were formed on Jurkat T cell bathed in divalent-free bath solution by applying brief gentle suction. Suction was relieved after gigaohm seal formation, and patches were excised by lifting the pipette away from the cell with a motorized manipulator. Solutions on the inner face of the patch were exchanged by a gravity-fed rapid perfusion system SF-77B equipped with a motor-driven stepper (Warner Instruments, Hamden, CT). We estimated the speed of exchange with this system at Ͻ1 s. After excision, the patch was positioned facing sequentially one of the two glass barrels supplying the control and Mg 2ϩ -containing buffers. These solutions were applied repeatedly to the same patch, and each patch was exposed to one concentration of Mg 2ϩ only, similar to the situation that exists in whole cell recording. Nitric acid-washed glass coverslips were coated with 1 mg/ml poly-L-lysine (Sigma-Aldrich, St. Louis, MO) . On the day of experiment, suspensions of Jurkat cells were placed on the coverslips for attachment. For patch-clamp recordings, the glass coverslip with attached cells was transferred to a glass-bottom plexiglass recording chamber mounted on a mechanical stage of a Nikon Diaphot inverted microscope. The microscope, micromanipulators, and the perfusion system were enclosed in a grounded Faraday cage made of copper mesh to reduce electrical noise. All experiments were performed at room temperature.
The basal intracellular (bath) solution was similar to the pipette solution we previously used to characterize the whole cell TRPM7 current and contained 112 mM Cs-glutamate, 8 mM NaCl, 10 mM HEDTA, and 10 mM HEPES pH 7.3 (6). Aspartate and glutamate salts were used to reduce contamination by chloride channels (5, 29) . Patches were exposed to Mg 2ϩ -containing solutions for 10 -30 s, sufficient time to observe an inhibitory effect. To distinguish inhibition from channel rundown, only experiments in which Mg 2ϩ inhibition was fully or partially reversible upon washout were considered in the present study (20, 21) . Free Mg 2ϩ concentrations in HEDTAcontaining solutions were estimated using MaxChelator software available at http://www.stanford.edu/ϳcpatton/webmaxcS.htm. The extent of Mg 2ϩ inhibition for dose-response relation data (see Fig. 6A ) was determined by taking the area under a 5-s duration segment of channel open probability (NPo) plot immediately before Mg 2ϩ application and dividing by a 5-s area taken immediately before washout (53) . In the text, we refer to changes in Mg 2ϩ sensitivity of TRPM7 channel with repeated application of the same Mg 2ϩ concentration as "use dependence," a term used by others to describe changes in drug potency during repeated activation of channels (e.g., Refs. 24, 55).
The measured reversal potential of whole cell TRPM7 current in internal and external solutions used for single-channel recording was Ϫ1.86 mV (SE ϭ 0.12, n ϭ 3 cells), and this value was used to calculate unitary channel conductance. Dependence of ␥ 1 (39.0 pS) conductance on Mg 2ϩ was estimated by determining the mean unitary current amplitude at Ϫ90 mV in the presence of a given Mg 2ϩ concen- Fig. 1 . Reversible inhibition of transient receptor potential melastatin 7 (TRPM7) channels by 303 M Mg 2ϩ in an inside-out patch excised from a Jurkat T lymphocyte. Mg 2ϩ was applied multiple times directly to the inner face of the membrane. Current reduction was fully reversible after each application. Note that with third and fourth applications the current magnitude is gradually reduced due to slow rundown. Membrane was held at Ϫ90 mV. Representative experiment chosen from n ϭ 7 patches. [Mg 2ϩ ]free, free Mg 2ϩ concentration. concentration were then averaged (see Fig. 6C ). Data were fitted with biphasic (see Fig. 6A ) and single dose-response (see Fig. 6C ) curves using Origin 8 software.
Water with resistivity of Ն17.4 M⍀/cm (Barnstead Nanopure) was used for solution preparation. Salts were purchased from Acros Organics (Geel, Belgium) and Sigma-Aldrich. A 1.0 M MgCl 2 standard solution (Fluka) was diluted to obtain the desired MgCl2 concentration. . Figure 1 shows an inside-out patch recording of TRPM7 channel activity. In our experiments, most patches pulled from Jurkat T cells contained more than one active channel. In pilot experiments, we observed quick rundown when 12 mM EGTA was used in the bath (with no Mg 2ϩ added), presumably due to , which is not removed by this relatively weak Mg 2ϩ chelator. In the present study, therefore, we used 10 mM HEDTA, a strong Mg 2ϩ chelator, in all our bath (intracellular) solutions that drastically reduced spontaneous channel rundown, as in the case of whole cell recordings. The patch in Fig. 1 -sensitive lipid phosphatases and depleting membrane phosphoinositides (e.g., Refs. 27, 30). In Jurkat T-cell patches, however, Mg 2ϩ effect was almost fully reversible in the absence of ATP (Fig. 1) , which is necessary for membrane PI(4,5)P 2 resynthesis (14, 17, 58) .
RESULTS
Internal
In Jurkat T cells, TRPM7 channel unitary conductance in the absence of external divalent cations has been estimated at 40 -44 pS (19, 42) . We examined channel activity in Jurkat T-cell patches at negative and positive holding potentials in the absence of Mg . Figure 2A shows a recording from a membrane patch bathed in the standard Mg 2ϩ -free solution. An all points histogram of the recorded trace shows peaks corresponding to conducting (open) and nonconducting (closed) states of the channel. The peaks could be fitted with Gaussian curves (not shown), and the mean current values of each state are given above. Channel amplitudes at Ϫ90 mV were Ϫ3.43 Ϯ 0.22 pA (means Ϯ SD; n ϭ 718 direct measurements from a total of 36 patches), corresponding to mean unitary conductance of 39.0 pS (␥1) and a smaller subconductance state of 1.64 Ϯ 0.19 pA (means Ϯ SD; determined in total of 94 measurements in 5 patches; Fig. 2B ). The smaller subconductance state has an extrapolated mean conductance of 18.6 pS (␥ 2 ). The slightly reduced apparent conductance of 39.0 pS is most likely due to reduced monovalent cation concentrations used in the present study compared with references (19, 42) . Thus an additional, smaller conductance channel substate is evident in Jurkat patches, which was not reported previously (19) . Both high and low conductance channels were sensitive to Mg 2ϩ (see below). In Fig. 2C , the patch was stepped to ϩ90 mV to demonstrate that the TRPM7 channel conducts also in the outward direction, as expected from our whole cell studies (19, 20) . We directly measured unitary outward currents at various depolarized potentials to estimate outward conductance values. Measurements taken in nine patches (n ϭ 272 measurements) could be fitted with two Gaussian distributions with peaks corresponding to 18.05 Ϯ 0.3 and 26.6 Ϯ 0.12 pS (means Ϯ SE). The large conductance state was most often observed. Therefore, we find that TRPM7 channels show two conductance states and conduct both in the inward and outward direction.
We next focused our attention at constructing a dose-response relation for patch TRPM7 activity. We proceeded to test the effect of systematically increasing Mg 2ϩ concentration on the TRPM7 single-channel activity measured at Ϫ90 mV. The concentration was increased in steps of approximately twofold or smaller to obtain detailed Mg 2ϩ dependence information. Figure 3 shows the effect of addition of low Mg 2ϩ concentrations that lie in the range of the high affinity inhibitor site, i.e., IC 50 ϭ 10.2 M in the whole cell dose-response curve (6). Then, 1, 2, and 3 mM MgCl 2 were added to the 10 mM HEDTA basal solution and perfused on the internal side of the patch, followed by washout. These amounts of MgCl 2 are expected to yield free Mg 2ϩ concentrations of 7, 16.4, and 28.1 M, respectively. As shown in Fig. 3, 7 ,16 .4, and 28.1 M ] were applied to a Jurkat T cell inside-out patch with one active channel producing no current inhibition. Recordings from two different membrane patches. Holding potential ϭ Ϫ90 mV.
Mg
2ϩ inhibited TRPM7 channels reversibly. Channel activity was measured by constructing NP o plots and all points histogram in each case, depicted below the raw traces.
We also tested lower Mg 2ϩ concentrations of 2 M (n ϭ 5 patches) and 265.8 nM (n ϭ 5 patches), and in all cases these concentrations did not measurably inhibit TRPM7 channels (not shown).
We found great variability between patches in the extent of inhibition by a given Mg 2ϩ concentration. Interestingly, at these concentration values, we also recorded from patches that were insensitive to Mg 2ϩ applications. Figure 4A shows an example of a membrane patch treated with 7 M Mg 2ϩ . The channel activity was not noticeably diminished as seen in the corresponding NP o plot. We also observed Mg 2ϩ -insensitive patches for Mg 2ϩ concentration of 16.4 M (Fig. 4B) . The existence of TRPM7 channels that are not Mg 2ϩ -sensitive has not been reported before and suggests that the Mg 2ϩ binding sites are not located on the channel protein itself but depend on other factors in the plasma membrane (see DISCUSSION) .
We investigated further the characteristics of Mg 2ϩ inhibition at higher concentrations of 56.6 -145.2 M, which are in the range of the second inhibitor site of IC 50 165 M in the whole cell dose-response relation (6). In Fig. 5 , solutions containing 4, 5, and 7 MgCl 2 (corresponding calculated free Mg 2ϩ concentration ϭ 56.6, 64.9, 145.2 M) were applied repeatedly and reversible inhibition was observed. In two out of six total patches, only small inhibition (Ͻ40%) was observed for 56.6 M Mg 2ϩ ; 56.6 M were effective in potently inhibiting TRPM7 channels in the remaining four patches. The onset of inhibition was slow, taking Ͼ5 s to reach maximum.
The concentration-response of our whole cell currents showed only partial inhibition at these concentrations (56 -145 M; Ref. 6 ). Thus we find that even though TRPM7 channels in most cell-free patches preserve their Mg 2ϩ sensitivity, the dependence appears to be steeper: submaximal concentrations exhibit stronger inhibition (Fig. 5) , whereas lower micromolar concentrations exert a weaker inhibitory effect (Fig. 3) .
The effect of 407.1 M Mg 2ϩ was similar to 303 M, fully inhibiting channels (not shown; n ϭ 3 patches).
We constructed a full range concentration-response relationship for Mg 2ϩ concentration ϭ 265.8 nM to 407.1 M by calculating percent inhibition for each concentration from the NP o plots and plotting the fraction of unblocked current against Mg 2ϩ concentration. The resulting dose-response relation from 58 different membrane patches is presented in Fig. 6A normalized to conductance measured after washout and plotted against Mg 2ϩ concentration is shown in Fig. 6C . We found that channel conductance remains unchanged for Mg 2ϩ concentration of 265.8 nM to 64.9 M. At concentrations of 145.2 M and higher, ␥ 1 conductance drops steeply to approximately 80 -83% of its former value, with no further reductions in ␥ 1 at higher Mg 2ϩ concentrations. The change in conductance was statistically significant (one-way ANOVA, P Ͻ 0.0001, Tukey's pairwise tests at ␣ ϭ 0.05). The reduction in conductance was reversible upon washout of Mg Mg 2ϩ sensitivity of TRPM7 channels during multiple applications. In standard whole cell patch clamp, the channels are exposed to the same Mg 2ϩ concentration throughout the recording. In view of our observation that not all patches responded to Mg 2ϩ ( Fig. 3) , we tested if multiple applications of Mg 2ϩ to the same patch exert the same extent of inhibition. We applied Mg 2ϩ at submaximal concentrations repeatedly and compared the degree of inhibition between applications; 28.1 M Mg 2ϩ were applied to the inner face of the TRPM7 channels n ϭ 10 times (Fig. 7) . The second application (Fig. 7A ) reduced channel activity only modestly. Subsequent applications of the same concentration, surprisingly, resulted in substantially stronger inhibition than early ones. Figure 7B shows the response of the channels to the eighth application of 56.6 M, which results in almost complete inhibition. In all cases, Mg 2ϩ inhibition was reversible. We observed increased inhibition with multiple applications (use dependence) for 16.4 to 64.9 M Mg 2ϩ . For 16.4 M, out of total seven patches where Mg 2ϩ was applied multiple times, three showed a strong effect, two showed moderate use dependence, and two showed none. For 28.1 and 56.6 M, four out of four and five out of five patches showed use dependence, respectively. For two patches exposed to 64.9 M multiple times, both showed a strong effect. For higher concentrations, the first application was sufficient to inhibit most of the channels. We conclude that in the majority of patches tested with multiple Mg 2ϩ applications, later applications elicit more pronounced reductions in channel activity than earlier ones. Rundown of whole cell TRPM7 current observed with low micromolar intracellular Mg 2ϩ during prolonged recordings (21, 33), therefore, can be explained simply as a manifestation of progressively stronger Mg 2ϩ inhibition due to use dependence.
DISCUSSION
We report here experiments investigating the Mg 2ϩ dependence of human TRPM7 channels in cell-free patches. The present study explores the properties of the native TRPM7 channels in Jurkat T cells in their natural environment and physiological levels of surface expression. We have constructed a dose-response curve for TRPM7 channel Mg 2ϩ inhibition from NP o plots, which yields IC 50 values of 25.1 and 91.2 M. We find that the native TRPM7 channel exhibits two conductance states of 39.0 pS (␥ 1 ) and 18.6 pS (␥ 2 ). The ␥ 1 conductance is modestly reduced by Mg 2ϩ with a single IC 50 value of 93.5 M. In agreement with our earlier study of recombinant murine TRPM7 channels, we find that native TRPM7 channels of Jurkat T lymphocytes are inhibited by Mg 2ϩ in a reversible manner. We also noticed that the onset of Mg 2ϩ inhibition was slower at lower concentrations and increased at higher concentrations. We have not quantified this effect rigorously, however.
In the study presented here, our main goal was to compare the macroscopic (whole cell) current concentration-response relation generated for TRPM7 (6) to that generated from single-channel measurements in this cell type. We find that even though the single channels preserve their property of Mg 2ϩ sensitivity, the profile of this dependence is not identical to the whole cell case. The main obvious difference is that the contribution of the high affinity inhibitor site of 10.2 M is weakened. In contrast to this reduction of sensitivity, the low affinity Mg 2ϩ inhibitor site (165 M in whole cell) became stronger. The resulting dose-response relation overlaps with the whole cell curve yielding IC 50 values of 25.1 and 91.2 M (Fig. 6) .
The main effect of Mg 2ϩ in inside-out patch appears to be a reduction in the number of conducting channels, N o , by an abrupt reduction in the probability of opening of individual channels. In addition to its effect on channel NP o parameter, Mg 2ϩ reduced the major single-channel conductance of 39.0 pS by ϳ20% (Fig. 6C) . The effect became significant at concentrations of 145 M and above and was monophasic. The IC 50 determined in these experiments was 93.5 M, almost identical to IC 50(2) value of 91.2 M, determined from NP o measurements (compare Fig. 6, A and C) . It is therefore tempting to speculate that these two inhibitory processes result from a common underlying mechanism. For rabbit sacroplasmic reticulum and bacterial potassium channels reconstituted in lipid bilayers, it has been demonstrated that negatively charged lipids interacting with the ion channel change the electrostatic profile of the protein by a Gouy-Champan surface charge modification mechanism and attract cations to the vicinity of the channel pore, increasing its unitary conductance (3, 4, 34) . In view of Mg 2ϩ and protons exerting their inhibitory action on TRPM7 by screening negatively charged phospholipids (6, 21) , it is reasonable to expect these ions to restrict the accumulation of permeant cations near the channel pore entrance, thus reducing its apparent conductance. The decrease in TRPM7 channel ␥ 1 conductance does not involve the high affinity Mg 2ϩ inhibitor site (Fig. 6C) , suggesting that this site may involve screening of annular phospholipids surrounding the channel and therefore distant from the ion conduction pathway (see Ref. 26) , although a direct effect of Mg 2ϩ on the channel protein cannot be ruled out. Mg 2ϩ reduction of the number of available TRPM7 channels does not seem to require decreases in conductance, since significant reductions in NP o are observed at concentrations below 145 M, necessary for an effect on the conductance. We have not investigated in detail if the smaller conductance ␥ 2 of TRPM7 channels is also sensitive to Mg 2ϩ ; however, preliminary results from membrane patches exposed to 303 M Mg 2ϩ show no significant reduction in ␥ 2 unitary current amplitude (7 patches; data not shown). We did not observe differential sensitivity of the two conductance states of the channel to Mg 2ϩ ; however, this possibility cannot be ruled out and will require further investigation.
We find that at low micromolar concentrations Mg 2ϩ inhibited in most patches yet in others there was no noticeable effect (compare Figs. 3 and 4) . This finding suggests to us that Mg 2ϩ inhibition requires additional modulatory molecules in the membrane and does not involve direct bimolecular Mg 2ϩ -channel reaction. In our studies of extracellular cation block of TRPM7, we (19, 20) observed blockade for every application without exception, which in this case involves Mg 2ϩ binding in the ion conduction pathway of the channel pore. Such direct interactions of ion with the channel would therefore be expected to occur every time. In the case of TRPM7 inhibition by internal Mg 2ϩ , however, some channels appear to be lacking the receptor conveying Mg 2ϩ sensitivity (current study). This can be explained by groups of channels clustered in microdomains of distinct ordered anionic lipids (26) . It is also possible that the less sensitive channels are exposed to phospholipids, was effective in every patch tested, which suggests that these channels still maintain the low affinity inhibitor site (see also Fig. 6 legend) .
Increased Mg 2ϩ sensitivity of the low affinity inhibitor site in inside-out patch (Fig. 6, A and B) can be explained by either lack of cytoskeleton or lower amounts of phospholipids in this configuration compared with whole cell. In cell-free patches, the cell geometry is destroyed and this may be a reason for change in channel sensitivity to Mg 2ϩ (47, 54) . It is well known from studies on potassium channels of Kir and K v 7 family that channel activity runs down in minutes in inside-out patches (e.g., Refs. 14, 15, 32), but this process is much slower in whole cell recording (21, 33) . This has been attributed to loss of PI(4,5)P 2 phospholipid in the membrane patches without ATP or other regenerating molecules being present (15) . In this context, potentiation of the Mg 2ϩ effect with repeated application, i.e., use dependence, can be explained by gradual loss of PI(4,5)P 2 from the membrane and concomitant increased sensitivity of channel-PIP 2 interactions to shielding by Mg 2ϩ . It has been suggested that the kinase domain of TRPM7, by virtue of its MgATP regulation, may be responsible in part for Mg 2ϩ and Mg-nucleotide sensitivity of the channel activity (51) . We have shown, using site-directed mutagenesis, that phosphotransferase and channel activities are independent of each other. Point mutations destroying kinase activity failed to prevent Mg 2ϩ inhibition of TRPM7 (35) . Moreover, channel mutants with impaired autophosphorylation display Mg 2ϩ dependence similar to wild type (35) . These studies were performed in whole cell configuration, and it will be worthwhile to compare kinase-mutated channels to wild-type TRPM7 channels in inside-out mode, which can give more information on biophysical parameters affected by the kinase function.
Like several other TRP channels (43), TRPM7 is gated polymodally by Mg 2ϩ , alkalinization, and stretch/swelling. Studies in cell-free patches may shed light on whether osmoregulation of TRPM7 channels (37, 38) is affected by PIP 2 levels and Mg 2ϩ . Thus a study (41) of native and recombinant K v 7 channels recently showed that osmoregulation of these channels results from the dilution of Mg 2ϩ and polyamines in the cell leading to reduced screening of PIP 2 negativelycharged head groups.
Generation of native Jurkat T-cell Mg 2ϩ inhibition doseresponse relations in whole cell and now in inside-out patch will allow detailed comparison of Mg 2ϩ sensitivity of the native and over-expressed recombinant TRPM7 channels.
T-lymphocyte resting Mg 2ϩ levels are estimated to be in the millimolar range (44) and at these concentrations most TRPM7 channels are expected to be inhibited. Interestingly, however, a significant proportion of Jurkat T cells exhibit preactivated macroscopic TRPM7 currents (6) , suggesting that additional cytoplasmic signaling molecules regulate this channel and may be able to bypass tonic Mg 2ϩ inhibition. One question in this regard is if Mg 2ϩ sensitivity is static or can change when T cells are activated. Our results from multiple applications of the same Mg 2ϩ concentration (Fig. 7) show that inhibition exhibits use dependence. Furthermore, the extent of use dependence varies depending on cell type examined (not shown). Future studies will elucidate the question of whether Mg 2ϩ sensitivity is a dynamic property of this channel and if it varies depending on mitogenic activation of T cells.
